In an effort to understand the behavior of hard materials in the presence of vacancies or impurities, we study the structural and electronic properties of diamond with specified vacancies. In our model, five carbon atoms in the shape of a centered tetrahedron are missing and 12 carbon atoms surrounding the vacancy are replaced by nitrogen or boron atoms. The bulk modulus of the material with nitrogen substitution is greater than that without substitution around vacancy, although it is still slightly smaller than that of vacancy-free diamond. Boron substitution results in a substantial relaxation of atomic positions and a large reduction in bulk modulus. Born's criterion for mechanical stability is satisfied in both cases. The calculated electronic structures suggest that the doping of N atoms around the vacancy as modeled here fails to generate conduction electrons while that of B atoms successfully produces conducting holes. ͓S0163-1829͑97͒02324-2͔
I. INTRODUCTION
There has been a great amount of effort to find a ''superhard'' material on both theoretical and experimental sides. After the original work by Liu and Cohen 1 on the subject, the carbon nitrides with the composition of C 3 N 4 have been widely studied as a strong candidate for the superhard material. Recently, a carbon nitride structure with larger bulk modulus than diamond ͑the experimental bulk modulus of diamond is 443 GPa, the highest among known materials͒ has been predicted using an ab initio calculation. 2 The short bond length and the strong covalent character of the NϪC bond contribute to the low compressibility and large cohesive energy. However, despite the remarkable predictions on the theoretical side, to our knowledge, there has yet been no experiment in which any of the suggested novel structures of the carbon nitride could be identified. A major obstacle here is that the concentration of N is hard to increase in actual crystal growth. 3, 4 The energetic and mechanical stability of C 3 N 4 compounds in the previous calculations suggest that N can be used for the stabilization of structures around vacant sites in diamond. If there is a vacancy ͑small or large͒ in diamond, the carbon atoms surrounding the vacancy will have dangling bonds that make the system less stable. The substitution of nitrogens for the unstable carbons might improve the energetic and mechanical stability of the structure near the vacancy. In order to test this idea, we perform a calculation for a vacancy in diamond where five clustered carbons with the shape of the centered tetrahedron are missing. The 12 carbons around the vacancy are replaced by nitrogens in order to stabilize the system and improve the mechanical properties. The reason for choosing a somewhat large vacancy is to magnify the effect of vacancy. ͑A single carbon atom vacancy is also tested with consistent results as presented below.͒ For computational convenience, we introduce the periodic arrays of vacancies and employ the supercell method. The resulting material can be thought of as a hypothetical N-doped diamond. We have also performed a calculation in which the 12 carbons are substituted by borons rather than nitrogens since boron has three valence electrons and may possibly stabilize the vacancy as well. It turns out that the NϪC bonds contribute to the reduction of the compressibility and the system remains semiconducting while the BϪC bonds make the system more compressible and the material acquires metallic characters. In other words, B atoms do act as p-type dopants in the present geometry. Details of our calculation and the comparison between different atomic structures are presented below.
II. MODEL AND CALCULATIONAL METHOD
We consider a vacancy where five clustered C atoms in diamond are absent. Figure 1 shows how the vacancy-N͑B͒ complex is implemented in each supercell. The black circles represent the sites of extracted C atoms. A set of 12 N ͑or B͒ atoms replacing C atoms will be called a N 12 ͑or B 12 ) shell in the following. The vacancies are assumed to repeat periodically in the diamond structure in order to make the supercell calculation possible. We choose a supercell with the lattice vectors three times longer than those of perfect diamond, hence corresponding to 54 atoms, and implement the above vacancy structure in each supercell. There are 12 N atoms and 37 C atoms in the unit cell and the ratio of the number of the CϪC bonds to that of the NϪC bonds is 14:9. Within the tetrahedral symmetry, two independent parameters d 1 and d 2 determine the relaxation of the N 12 shell; d 1 is the distance between C 0 ͑Fig. 1͒ and the triangle determined by the three atoms, N 1,2,3 while d 2 is the distance between the center of the triangle and any one of three atoms, N 1,2,3 . The distortion breaking the tetrahedral symmetry around the vacancy is conceivable. Such a distortion turns out to be energetically unfavorable and does not occur in the test case of C 49 N 4 . In other systems considered, we neglect such a symmetry-lowering distortion.
We use the ab initio pseudopotential method in the planewave basis 5 and adopt the local density approximation 6 with the Ceperley-Alder-type exchange correlation. 7 This method has been known to give accurate results in most carbon compounds. [8] [9] [10] We have generated nonlocal pseudopotentials for s and p orbitals with the improved Troullier-Martins method 11 and set the cutoff energy at 60 Ry. The cutoff radii of C͑N,B͒ are 1.00͑1.12,1.00͒ and 1.54͑1.50,1.53͒ for s and p, respectively. Five special k points 12 are used in the irreducible Brillouin zone integration; the convergence in the number of k points is satisfactory for C 37 N 12 since it is semiconducting. As will be shown in the following section, B 12 C 37 is metallic and the convergence test is crucial in this case. We have compared the total energy, force, and stress obtained from the special k point method with those from the linear tetrahedron method, and the differences are less than 1%.
Starting from the ideal atomic positions in diamond, we minimize the atomic forces under a fixed cell volume using the conjugate gradient ͑CG͒ method 13 with the assumption that the Born-Oppenheimer energy surface is quadratic with respect to internal coordinates of atoms. For practical reasons, we choose the internal stress as a criterion of convergence and relax the internal coordinates of all atoms until the stress changes by less than 0.1 GPa with a further CG step. About 5Ϫ7 CG steps are needed to reach the desired convergence, reflecting that the initial positions are fairly close to the equilibrium values. In calculating the atomic forces in each CG step, we accelerate the convergence of force in self-consistent loops by including a supplementary term, which partially corrects the error arising from the slightly misconverged potential.
14 The desired accuracy is obtained after 4Ϫ5 self-consistent iterations.
Varying the lattice vectors isotropically and relaxing the atomic positions, we calculate the stress and the total energy of the system. Since the compression is isotropic in this calculation, the external pressure corresponds to the minus of a diagonal component in the stress tensor. The symmetry of the crystal is preserved during the relaxation procedures as mentioned above. The equilibrium volume and bulk modulus are obtained by fitting the volume-pressure data sets to the Birch equation of state. 15 The theoretical calculation of the hardness of a material would involve dislocation and plastic deformation as well as the elastic part ͑bulk modulus͒ and is beyond the computational capability at present. We only calculate the bulk modulus as commonly practiced. As a reference, we have performed a calculation on C 49 having the same vacant sites as C 37 N 12 but without substitution. The bulk modulus of this reference system is 328 GPa.
III. RESULTS
A. Carbon nitride "C 37 N 12 …
The relaxation of the nitrogen atoms surrounding the vacancy in C 37 N 12 is very small as shown in Table I . Similar observations can be found in pseudocubic C 3 N 4 ͑Ref. 8͒ and this indicates that the character of the NϪC bond is close to that of the CϪC bond. The bulk modulus fitted to the volume-pressure relation in Fig. 2 is 388 GPa. This is much larger than 328 GPa for C 49 , confirming our idea of substituting C by N around the vacancy for a harder material. In order to check the mechanical stability of this material, we have calculated the components of the elastic tensor by deforming the cell shape. According to Born's criterion, a cubic system is mechanically stable if c 11 , c 11 Ϫc 12 , and c 44 are all positive. A negative sign in any of these components would indicate that the system should collapse or change to a crystal with lower symmetry. We have found that all the relevant constants are positive. In Table II , one can see that the cohesive energy per atom is reduced in comparison with C 49 , contrary to our initial conjecture. Considering that the electronic distribution along the bonds in C 37 N 12 is similar to that of diamond ͓Fig. 3͑a͔͒, we think that the repulsive interactions in the localized lone pairs may raise the total energy of the system slightly.
For comparison, another calculation has been performed on a system where only one C is absent and neighboring four C atoms are replaced by N atoms ͑C 49 N 4 ). The results are shown in Table II of diamond and C 37 N 12 as expected. From the data on C 37 N 12 and C 49 N 4 , it is noticeable that the bulk modulus is reduced by about 10 GPa per one vacant site in the unit supercell compared with the intact diamond ͑i.e., C 54 ). C 37 N 12 is an insulator as shown in the density-of-states plot in Fig. 4͑a͒ . This suggests that, if the doping of N atoms in diamond accompanies local vacancy formation as modeled here, we may not effectively create conducting electrons in the material. The band gap of 3.1 eV is smaller than the calculated band gap of diamond, 4.3 eV. 16 ͑These calculated gaps within the local density approximation are smaller than the experimental gap of diamond, 5.47 eV.͒ The reduction in the band gap is mainly caused by the nonbonding states in N. ͑Diamond does not have such states at the top of the valence band and its energy gap is larger.͒ The total valence electron density on the ͑011) plane containing the center of the vacancy is plotted in Fig. 3͑a͒ . A small amount of charge transfer occurs from C to nearby N atoms, but the covalent character is still maintained in each bond. Most of the electrons in the band between Ϫ3.6 and Ϫ1.5 eV ͓Fig. 4͑a͔͒ are found to be lone pairs from nitrogen atoms and directed toward the vacant sites and they form the top of the valence band. Being localized at the N atom sites and forming a separate band, the excess electrons in N atoms do not disturb charge distributions in the CϪC bonds.
B. Boron carbide "B 12 C 37 … Similar calculations have been done for boron carbide. The volume-pressure curve is shown in Fig. 2 . The bulk modulus is 301 GPa and the equilibrium volume is 2202 a.u. 3 , which is about 8% larger than the vacancy-free diamond supercell. The charge transfer from B to adjacent C atoms reduces the strength of certain bonds such as the one represented by a thick line in Fig. 3͑b͒ and this is the primary reason for the volume expansion compared to C 37 N 12 ͑the bond length of the thick line is 1.61 Å compared to 1.53 Å of pure diamond͒. The relaxed geometry of the B 12 shell ͑see Table I͒ is also different from diamond or C 37 N 12 . Due to the large inward relaxation of B atoms, the CϪBϪC angle increases to 116.9°, indicating a substantial amount of sp 2 bonding characters. ͑The ideal sp 2 angle is 120°com-pared to the ideal sp 3 of 109.47°.͒ In spite of the large deformation from diamond, this structure is found to meet Born's criterion. The cohesive energy per atom is calculated to be 8.12 eV, which is larger than C 37 N 12 but still smaller than C 49 . This implies that the ionic BϪC bonding is weaker than the covalent CϪC bonding. The bulk modulus is far lower than C 37 N 12 and this is believed to originate from the weakened CϪC bondings and a somewhat ionic character of the BϪC bond ͓Fig. 3͑b͔͒. In general, ionic bonding gives lower bulk modulus than covalent bonding. 17 12 and ͑b͒ B 12 C 37 in the ͑011) plane. ϩ, ᭺, and ᭹ denote the sites of C, N, and vacant C, respectively ͑see Fig. 1͒ . The interval between successive contours is 0.05 electron/a.u. 3 The thick line in ͑b͒ indicates a weakened bonding between two C atoms.
This material is metallic with hole states as shown in Fig.  4͑b͒ . We have found that the states around the Fermi level have the maximum charge density between B and C. Since the electrons in this region have the mixed character of sp 2 and sp 3 type, it is hard to specify the character of hole ͑valence-band maximum͒ states. The metallic behavior of B 12 C 37 suggests that, if the doping of B atoms in diamond accompanies local vacancy formation, we may still create conducting carriers ͑holes͒ successfully in contrast to the case of N atoms. Compositionally, B 12 C 37 is similar to the BC 3 graphitic plane. 9 All bondings in BC 3 are sp 2 type, which is in marked difference from B 12 C 37 . The calculated cohesive energy is larger in B 12 C 37 by 0.27 eV/atom and this comes from the different ratio in the mixture of BϪC and CϪC bonds.
IV. CONCLUSIONS
In this work, we have considered hypothetical diamond vacancies with stabilizing N atoms substituting those carbons surrounding the vacancies, and calculated the electronic structure and mechanical properties of the system. Both C 37 N 12 and B 12 C 37 are found to be mechanically stable in spite of the large vacancies. It turns out that the N substitution in our model system enhances the bulk modulus while the B substitution has the opposite effect. In contrast to C 37 N 12 , the borons in B 12 C 37 form an appreciable, though small, amount of ionic bonding with carbons, and this results in quite different electronic structures and large compressibility compared to diamond. The absence of lone pairs in B allows a significant amount of inward relaxation of B atoms, and this results in partial sp 2 -type bonding between B and C. Cohesive energies of both materials are quite large but they are lower than bare ͑nonsubstituted͒ C 49 . From the purely energetic point of view, this means that C 49 is easier to generate in experiment than C 37 N 12 or B 12 C 37 . A similar situation may occur in C 3 N 4 compounds, i.e., the N sites in C 3 N 4 compounds might favor C over N, and this could explain why the concentration of N is hard to increase in the experiment.
